We report an experimental realization of a visible range planar diffraction grating, formed by sub-wavelength elements, with periodically variable parameters. At normal incidence the grating exhibits asymmetric diffraction into the positive and negative first diffraction orders and operates at visible wavelengths with peak efficiency at 736 nm wavelength.
In 2003 it was demonstrated experimentally that periodic arrays of meta-molecules can exhibit polarization sensitive diffraction that can be efficiently controlled by designing the constituent meta-molecules [1] , and some intriguing properties of diffraction from such arrays, including asymmetrical polarization conversion in opposite directions of propagation have been predicted [2] . Recently, planar diffractive optical elements based on metamaterials with variable parameters have attracted substantial attention [3] [4] [5] [6] [7] [8] [9] . In particular anomalous refraction and reflection has been observed in the far infrared [5] and near-infrared [7] region of the spectrum while flat lenses designed from optical nano-antennas are demonstrated for telecommunications wavelengths [8] . An array of planar super-oscillatory lenses producing sub-wavelength focal spots in the far field has also been recently discussed [9] .
In earlier work diffraction was observed on arrays of identical meta-molecules [1] and recent demonstrations [3] [4] [5] [6] [7] [8] are concerned with the infrared part of the spectrum, whereas here we experimentally demonstrate a planar plasmonic meta-grating with periodic continuous variation of meta-molecular parameters. At normal incidence the grating exhibits preferential blazing into one of the first orders of diffraction and operates at visible wavelengths. It is noteworthy that in 1968 a numerical analysis was presented for diffraction from multi-element nonsymmetrical arrays of metal-strips [10] .
As the design unit for the meta-grating we have chosen polarization independent meta-molecules, which are ring slots on an ultrathin (~50 nm) film of gold. By spatially varying the parameters of the ring slots along the planar interface the phase and intensity of the transmitted wave is controlled. The choice of ring-type elements ensure that any observed polarisation dependency in transmission is due to the spatial arrangement of the meta-molecules only and not to the individual building blocks.
The structural design of the meta-grating is shown in Fig 1. It is made by focused ion beam milling of a 50 nm thin gold film deposited using resistive evaporation. The gold film is perforated with a periodic pattern of ring slots of varying radii, with 30nm line width. The fabricated structure has 900 nm grating period and consists of 30 grating elements each consisting of 3 ring slots.
The design concept of the meta-grating is explained in Fig. 2 . A plane wave passing through any grating will acquire a phase delay and change of amplitude. We make use of the size dependent resonant response of a ring shaped meta-molecule to design the blazed grating. By gradually changing the size of the rings in a periodic fashion, the phase and amplitude are controlled over sub-wavelength distances. This mimics the phase response of a bulk grating which has an asymmetric triangular profile (Fig 2(b) ).
To characterize its diffraction properties, the metagrating is illuminated with white light (450-2000 nm) from a super-continuum laser. The light diffracted by the meta-device is measured with both angular and spectral resolution: a fibre collimator was rotated about the sample in 1º steps to collect the light which was then recorded by a spectrum analyser. Figure 3 shows the intensity of the light diffracted by the meta-grating into the first diffraction order, normalized to the intensity of the light transmitted normal to the sample. We denote orders diffracted to the right of the normal as positive and those to the left as negative. As expected given the effective grating period, little intensity is diffracted at wavelengths greater than 900 nm. The meta-grating shows higher efficiency for ypolarization, where the electric field is parallel to the effective grating grooves, compared to when electric field is perpendicular to the grooves. For y-polarization ( Fig. 3(a) ) blazing is the most prominent for 736 nm, with 1.4% of the transmitted light diffracted at an angle of -55º to the grating normal. Very little light is diffracted in the positive order. The effect of blazing in this case is redistribution of energy from the positive first order to the negative first order. The inset of Fig.  3(a) shows that the spectral peak in the negative order corresponds to a spectral dip in the positive order.
For x-polarization ( Fig. 3(b) ) the blazing is less prominent and the peak efficiency is about 4 times lower than for y-polarization. Mutual coupling between neighbouring rings, which arises due to their varying sizes, may cause the observed polarization dependent function of the transmission meta-grating. As can be seen from Figs. 3(a) and (b) the experimental data matches well with the theoretical plot of the grating equation [11] with grating period 900 nm for normal incidence and first order of diffraction. To get an estimate of the meta-grating efficiency, in Fig 4(a) the spectral distribution of the diffracted intensities into the negative first order for the two incident polarizations is plotted. This is a plot of intensity versus wavelength along the white dashed line in the left hand side Figs. 3(a) and (b). The diffracted beam into the negative first order for incident y-polarization is 4 times more intense than that for x-polarization. For the more efficient ypolarization Fig. 4(b) illustrates the ratio of intensities diffracted into the negative first order to that into the positive first order. It is observed that for y-polarization, at the blazing wavelength the intensity diffracted into the m = -1 order is around 25 times the intensity that is diffracted into m = + 1 order.
As a side note we comment here that the transmission meta-grating structure may also be used in reflection configuration, as was mentioned in [12] . Due to the spectral dependencies of reflectivity of the constituent meta-molecules blazing will occur at a wavelength which may be different to the transmission blazing wavelength. The blazing efficiency in the reflection configuration may be optimized by selecting the proper angle of incidence. In conclusion, we have experimentally demonstrated a blazed diffraction grating in the visible part of the spectrum using planar meta-molecules as design unit. The 3 element based meta-grating has peak efficiency at -55º for 736 nm light under y-polarized illumination. Wave front shaping using such ultrathin planar metainterface will facilitate miniaturization of optical devices and circuit components.
